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-Abstract
During the Apollo program two successful heat flow measurements
were made in situ on the lunar surface. At the Apollo'15 site a value of

-6 2
watts /cm

3.1 x 10 was measured and at the Apollo 17 site a value of

-6 2 . ‘ ' ‘
2.2 x 10 watts/cm was determined. Both measurements have uncer-
tainty limits of £ 20% and have been corrected for perturbing topographic
effects. The apparent difference between the observations may correlate
with observed variations in the surface abundance of thorium., Comparison
with earlier _,determinationsr-of heat flow, using the microwave erﬁisaion

spectrum from the moon, gives support to the high gradients and heat

flows observed in situ.



IN-SFITU MEASUREMENTS OF LUNAR HEAT FLOW

Introduction

There ha'j.;ea‘zl'p'rig been an interest in.the rate .at which heat is
;scaping_ from the moon. 'I;.he moon: is a planetary-sized body that re- -
-:;resents a s‘i'gnifgiicant sample of the solar system in the region of the
" terrestrial pl’an—ets; V‘ On the other hand, the moon is a small enough bo;i-y
éo that there is. r?a,son to believe that during its 4. 6 bil'.Iion-year history
it has lost a significant portion of its initial heat, and, as a consequence,
tl;e present heat flux mainly resulté frox;'l heat gen.e-ra‘t:éd‘by radio is.o,_-—“
iéopea' in the 1nter1or to--a depth of afbout 300 km.

P‘etrolo'g'i-_;'la.l_and’ geochemical evidence gained from surface samples
;;iundicat;es- t‘.hatj th'é fﬁbon was radially differentiated ea.rl.{;,r in its histolry.
:I:}uring this difféz_'eﬁtiation the long-lived, hea-t—generaﬁﬂg isotopes of

23 235 40- 232
B_U.. U, ..Kand

Th weré purged from the inté?i"qr and concen-
lt'ra.ted in the out'e_:i.,r. layer of the moon. As a result, thé s.'urfac‘e heat flow
from the moon should very nearly reflect the total abundance of these -
isw':pto_p.‘gs' in the er')_:pon,. and the-rebyl provide a valuable cﬁemical constraint
;n the moon's Slg.lzk.c'omposition_.

Prior to ﬁie-_Apollo missions, lunar heat-flow determinations were
ba's'ed._ on ea rth,-,b.a}‘sed- ob-se:rva_tions. of thermal emissions from the moon

in the microwave band. Because of the partial transpa;i-ency of lunar

material to e.leé't'rumagnetic waves longer than 1 mm, the emission



spectrum at wavelengths greater fhan 1 mm depends oﬁ témperatures in
the subsurface. If the électrical properties of lunar soil are known, the
subsurface temperature profile can be determine-d from the emission
spectrum,

The most cofnprehensive effort to detect heat flow from tﬁe interior
. by this techniqué has been made by Troitsky and coilgag_ues (1,2) at the
Radiophysical Research Institute, Gorky, U.S.8.R. Their well-known
curve, shown in F_‘:ig.ure. 1, indicates an increase in brigh'tnesé temperature
with wavelength of about 0. éBC {fcm,  Using electrical and thermall
prope.rties dedut.:eéi from microwave observations in the Irhm to 3cm
range, Tikhonova and Troitsky (2) interpreted this spectral gradient in.

of -6 -6 > .
terms of a heat\ﬂow/B x10 "tod4x 10" W/em”. Sucha heat flow is
approximately 1/2 the mean of observed heat flow values on the earth,
In Situ Measurements During the 'Apollo Program:

The manned lunar landings of the Apolic program provided an
opportunity to make direct measurements .in the lunar surfacg layer
rel‘evant to the héat‘flow through the surface. Successful measurements
were made at two of the landing sites; Hadley Rille, near the edge of
the Imbrium basin - vigited on Apollo 15 - and Taurus J.L.ittrow, a narrow
embayment on the southeastern margin of Serenitatis - visited on Apollo

17. See Figure 2.

At each location the astronauts buried two probes in the lunar soil

=



to measure the témperature and thermal c.;onductiv‘ity of the soil, At |
the Apollo 15 szte the probes were b.u-ried to depths of 1:'0 and I.4 m. R
attd' at Apollo I?both ‘ﬁrob.e‘,stwgre buried to a depth of 2. 3 m. Each
probe contains e"i.-ig:ht p:lati.nu:m. resistance t'her'mometerls_ a?nti four thermo-
couples which detect temperature at 11 d1fferent levels in the subsurf_atc-e.'
Four thermometers on each probe are surrounded by heaters which can
be turned on. by t:ommand from earth. These heaters are used to make
in situ determmatmns of thermal conductw1ty Thé range and accuracy

of 'rn.ea-'surem:en.t‘s .mad‘e by the heat flow experime-nt.ar‘é shown in Table 1.

|'I'he platmum témstance thermometetrs were carefully tested to demoifis -
trate that they would retain their calibrations after expt‘:rlencmg the
jl;nechamcal anti thermal shocks of the lunar mission. lTemperatur‘e px
data from’all the thermometers are relayed to earth every 7. 2 minutes,

,ot‘ data and more than a year of data at the Apnllo 17 sxte.

A Summary of Results
The experiments installled om: the moon provide extensive infor.-
mation on the temperature and thermal properties of the lunar surface

layer to a d‘ep.t-h of ¥ meters, including surface temperature variations,



near-surface thermal properties, subsurface temperature variations
and thermal corid_u#tivity. All of this information is essential to under-
gtand the total héét; budget near the lunar surface and the contribution
of the flux from the interior.

Surface Temperé.tﬁre Variations: Measurements by thermocouples in

cables above the lunar surface provide information on the surface tem-
perature variation. The cable is in radiative equilib;-ium with the lunar
surface, exceplt &uring times when the' temperature i;s.changing rapidly
as during an eclipée or at terminator crossing. The lunar surface tem-
perature can be readily computed from laws governing thermal radi;ation.
In Figure 3 we show the surface temperature variation at the Apollo 17 -
site during a complete lunation. During lunc;u- day the tempe;'ature |
deductions have large errors because of uncertainties in:the amount of
solar radiaifion'reflected from tl;ne lunar surface, but at night the errors
aré small. Sﬁnilariy, su.rface tempera.tures c'an‘rb.e deduﬁed quite acﬁufately
from thermocoug;le data during the wnbral phase of an. eclipse,

In 2 manner similar to the classical methods ofl Wésselink {3) and
Jaeger {4), the cébl;_down of t.he surface after sundown and.durin'g an
~eclipse can be gsea to deduce the thermal properties’ _6£ the regolith to a
depth of about i5 cm. For analysis of the in situ data we use a thermal
model that includes many layers with thermal properties fhat vary with

depth and temperature. To explain the observed temperature variations



at lunar night and durzeg an eclipse, the conductivity and deesxty must
vary with depth The variations of density and cunducthty ahown in
Figure 4 will e.xplein the surface temperature varjations durmg the

lunar night alm.ost exactly but theee"‘de'dueed erofiles are 'not‘ t;e.cessarily ‘
unique. 'fw‘o features of the profile"s shown are es seetiai t'o explain lthe

. data | ” | |

| 1. . The upper 1 to 2 cm must have an .ex'tremely low 'thefxnal conductivity -
and this cornducﬁtivity must be temperafuee depend‘ent.. The eondectiv_ity

at the mean suf.felce temeerature (2.1601.() is epproxi.ma?-te‘l'y ‘1'..5x1_0_5W'/'cm-K,'
which is in good‘agreement‘ with meesure;'nentefon retureedlunal;' fi.nes.l

2. Ata depth of about.z em the conduetifity _mhst increase é’reatly tel

. values 5 to 7 times 'grea.ter' than -pt;e 'sp:.;face:va_lue..

The Near-Surface Mean Tempei‘ature Gradient: One of the most interesting

features of the eubsurface temperature measurer_lj_lents is the very large'
difference in mean temperature (1 e, the temperature averaged over one
. : - .centimeters: '
lunation} between the surface and depths of a few / . At the Apollo 15
site the mean temperature 35 cm. below the surface is 45°K higher than

at the surface and the di_ff;erlence at the Apollo 17 site'is 40°K. ‘This large

increase in mean temperature is due prirmarily to the temperature

dependence of thermal conductivity. in the top 1 to 2 cm, which i-esults from

the non-linear behavior of radiative heat transfer. These large differences

require that the ratio of the radiative component to conductive component
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at 350°K must be about 2 to 3, Figure 5, from Keihm and Langseth (5)
shows the variation of mean temperature and the amplitude and phase of
variations of lunation period with depth in the regolith based on the models

shown in Figure 4,

Subsurface Temperature Profiles

The probes are inserted inside the hollow fiberglass tubing wﬁich
is drilled into the lunar soil. Figure 6 shows Charles buke, an Apollo 16
astronaut, drilling one of the heé,t'flow holes., Figure 7 shows the tem-
perat\;x:e history of ;::ne of the probes a_ftér' insertion ini;o éhe tube, The
probes require approximately one month to i-each within a few thousandths
of 2 degree of thérmal equilibrium with the surrounding regolith., The
' thermometers buried below 80 cm depths do not see any perceptible
variation due to the monthly tem.peratu;:e cycle, and temperature gradients
should reflect heat flowing from the lunar crust. Th;. temperature profiles
at four of the probes are shown in Figure 8. Very smallcor_rections have
been added to these data to account for thermal shunting effects of the fiber-
glass tubes and probes so that these profiles .should represent true undis-l
turbed regolith temperatures,

Thermal Conductivity: Thermal conductivity of the regolith can be deduced

from three different effects. First, and most important, were measurements
made by in situ experiments. The effects of heaters turned on for a period
of 36 hours at low power were measured. From the rate of rise of tem-

perature after'IZO hours it is possible to determine the conductivity.

-



Second, the.ini:_‘tial‘coolfdown of the probes from high temperatures
permit determination of conductivity based on the initial enexrgy input
into the hole. .Cool-down estimates can be made at all the gradient

sensors, i.e. at eight different depths in each hole. Third, tempera;

ture variations with a monthly period peretrate to approximately 80 cm

I:and the annualiv.ariz-).tion of surface temperature is felt at all depths.

The attenuatioﬁ .of‘_ these variations with depth dep.ends in part on the thermal
conductivity of:the 'surroﬁnaing material. Hov;:ever, l_:lecause of radiative
transfer along 't.?le fiberglass tubing, the attenuation da:ta aré difficult to

interpret, Ou'r.an.alysis requires a thermal conductiv_ity between 1

-4
"and 2 x 10 watts fcm °K to reproduce the attenuatmn observed. The con-

ducthtxes measured by the first two techniques are shown versus depth

in Figure 9. We note that the thermal conductivity of the lunar soil lies
between 1.4 and 3 lO b4 10-4wétt/cm—0K; this is appr'o;:ir'nately a faLctor

of 10 higher t'h.;n t‘iv::: conductivity at the surface. Tﬁe:incréase of con-
ductivity at a,bc.n:;xlt 2 cm dépth appears to be mainly due to a 1a.fge inc:rease

in the soil co’mbac’tion and grain boundary contacts with depth. It is

likely that at this 2 cm depth the disruptive effects of micrometeorite

bombardment give way to compactive effects. Conductivity values for

. -4 0 o
regolith fines as high as 2 x 10 watts /cm - K have not been duplicated

in the 1ab6ratory and further tests of highly compacted lunar soil should

be made.



Heat Flow In Situ: When the conductivity and gradient observations are

combined, the heat-flow values shown in Table 2 result. The best
value of heat flow at the Hadley Rille site is 3.1 x 10h6watts/cmz and
2.8x 10.6»1vzs.1:tslcm-_Z at Taurus Littrow.

Temperature‘measurements at probe #2 at the Ai:ollb 17 site
require speci;l ;atttention, V'see Figure 8. The profile 'indicatés a very
large decrease in g:adient with depth at 130 cm which, because the
conductivity is relatively uniform, must reflect a change in heat flow
with depth. Aléo, the heat flow in the lower part ot':_thé holé, about
1.9 watts /cmzl, is considerably lower than that at the other two locations,
These results suggest that heat flow is locally disturi:ed, perhaps by
a large rock buried very near where tﬁe probe is emplaced. . The heat
flow, using thé temperatures at 67 and 234 cm, gives a héat flow of 2.5

-6 2 ) .
x 10 watts/em , which is in reasonable agreement with the value at

.
.

px:obe # 1.
Possible Disturbance to the Heat Flow:

How represeﬁtative are the measurements of the average heat
loss from the moon? The answer to this qﬁestion depéﬁds on whether
there are significant regional and local disturbances. Certain disturbing
effects, such as that of local topography, can be estiméted and corrected

for.

The amounts of radicisotopes in the crust may be anomalous in the



region where the heat-flow observations are made. We. have orbital -
data on the distribution of thorium and uranium on the gurface which
can be applied to this problem.

Other‘effe.c.ts._ such as thermal conductivity c:mtr:ast's in the sub-
| surface which can refract the heat-flow _1ines. are not :direc‘-tly .obser-'
vable, but geolc;gical observations can be usedas a guide for assuming
gubsurface con;iucti\rity geometries, and from fhese assumptions an
appreciation of whether the measurements are anomalous may be
obté.ined..
'T_opography: Si?gnificant disturbances-of heat flow wil}.pcc‘:ur in the -
‘.vicinity of cratérs:;vhich have a diameter-to-depth ratio of 6 or less.
- The dominant e'ffectlof su't;h craters is to lincrease the heat flow just
6utside the crater rim due to the slightly higher mean temperature in -
fhe_ ;rafer floor. In the upper part of Figure 10 we show the heat-flow
anomaly over a: cfater with a diémr'rieter-to—depth ra’t;lg -of.6 aé a £U;nction
of radius. lIt cén be seen that the anomaly decreases -'very rapidly with
distance from the ‘rim. By-and lﬁrge the astronauts were successful in-
settiﬁg up the e_xpe‘rimént far from craters larger than l1 m in diarﬁeter.
At thel Apollo 17 site topographic maps show three craters which we
estimate have‘ a combined effect that increases the hfeat-.flow by 0.3 W/cm
That is, a corfectiqn of about -10% should be applied to the Taurus’

Littrow values for the effect of craters. At the Hadley Rille site there
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were no craters in the vicinity of the probes which would have a signi-
ficant effect on‘th.e‘heat f}ow. Consequently, no correction has becn
applied.

At Hadley Rille both the rille and the Apennine Front will affect
the heat flow, but in opposite ways. Both effects are on the order of 5%
and thus appear tc; be self cancelling. Thus, it appears 'that the best
value for the he#t flow at Hadley Rille is the uncorrec_téd value which is
3.1 x 10-6watts/cm2, with an estimated uncertainty of * 20%.

The massifs that bound the Taurus Litfrow va}ley on fhe north and
s;)uth have a significant effect on the heat flow, We,ha.ve estimated the
correction to bé applied using a method developed by Lachenbruch (6).
The valley is modeled as shown at the bottom of Figure 10, fBa.sed on
this model we eétimate that a correction of -15% to.~2.0% should be
applied to the Apollo 17 measurement. Applying all corrections, the

; . the. region 6" 2
best value for h_eat flow in/Taurus Littrow/is 2. 2x 10 w;ttslcm with

an estimated unc_eftainty of + 20%.

Surface Radioactivity: When topographic effects are taken into account

the heat flow at Taurus Littr;aw is 25% to 30% lower than at .Hadley Rille.
The results of the orbiting gamma ray experiment reported by Metzger
(7) gave evidence of substantial variations in radioactive elements on

the surface. One of the reg‘ions with the highest con:centrations in radio-

activity is the Hadley Rille area of Mare Imbrium. There the counts
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per second are abc;uf twice those at Taurus Littrow aknld 3 to 4 times
those observed over much of the lunar farside. T‘he difference in heat
flow between these th sites may therefore reflect ai.real variation in
radioactive -heg.t prroduc.tion in the lunar crust, A similar correlation
between surface heat f.low and radioactive heat production c-.f surface
‘rocks is observed on the earth. A most significant i:énplica.tion is that
two in situ measurements méy errestimate global heat flow, especially
if the results of the gamma ray experiment over the farside and nearside
highlandé are represehAtative since the observed conc_eptrations of radio-

active isotopes are much lower there.

Possible Subsurface Effects: Both sites where the heat flow experiment

were installed are at the margins of large mascon basins. These basins

“have been fléoded by basaltic lavas early in the moon's history.and as a

result it is possible that a conductivity contrast exists between the mare
basalt and the under}ying bz;sin -ﬂ:oor and adjacent high’lalxds. It is r;ot _
likely that the buik conductivity of the ba‘salt will be as high as ;:hat,
measured on returned solid samples. The active seismic experiments by
Kovach and Watkins (8) indicate that these *fiows are highly fractured.
Extensive fracturing of rocks in vacﬁum will decrea_sé their conductivity
appreciably. It may be possible to entertain a conductivity contrast of

mare fill material to underlying basin ﬂbormaterial'of 10.

Our observations which are located at the margin of basins may see
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an edge effect as a consequence of this contrast, If they _1ie within the
basin as the Apoii; 15 site appears to, an edge effect heat {low anomaly
would ada"to the -{;ﬁservegd heat flow. If on the other hand the observation ‘
is outside the ba.-sé::'.'ﬁ rim as might be the case at Taurus Littrow, the
observe::l”aheat fio_v? would be disturbed tow#rd lower values.. Uncertainties
~ do not at this time permit an accurate assessment of disturbance due to
buried c;ntacts between rocks of different thermal cOndﬁctivity. The
best estimate of the size of such an effect is by comp'arison with other
e‘s’ti.ma;;es of heaf flow from the moon, for example, those made from

earth-based microwave measurements.

Comparison With Earth-Based Microwave Measurements

To.compare our measurements with microwave measurements we
return to th;‘e set c‘;f_measurements of lunar brightness temperature between
3 and 70 em'made by Troitsky and colleagues, Waves from- 5 to 20 cm
are emitted from depths comparable to those measured by the heatflow
experiment. Wé will compére the spectral gradient in this band of wave-
le.ngths with tha-,t.expected fq_.;orq a lunar surface la.yei- with the temperatures
and thermal properties we measured‘ in situ. The greatest uncertainty
in such a comparison is thé value of the power absorpltionl length, ﬂe.
of electromagnéti; waves., In Figure 11 we show the microwave data
compared with tﬁeoretical results using different absorpfion lengths. The

model has the parameters given in the Table at the top of the figure,



The lowermost curve has a power absorption length which is a function
of Ai.e. §,=58 A whichis an empirical fit to the experimental
results. This rela..i':iion produccs- a good fit to radiotelescopic obscr-
vations of the attenuation of the variations of microwaves over.a montﬁly
period iﬁ_the range .fr.om Imm te 3.2cm. The resultis an increase in
brightness tenipera’ture that fits within the error bars but is a poor fit

. spectral gradient
to the observed/ . The temperature gradient in the lunar surface layer

would have to be larger to better fit the microwave data using this relation.

The middle :cui‘\-re c-:orr\espond-s to an 2, of 50, whié’h is near the mean
of values reported by Gold et al (9) based on measurements of luné.r'
| spectral
aamples ata wavelength of 68 cm. The best fit to the/grachent would be
obtained for an le of 807\ . The principal result of tbis comparisén at
this poin{ in our knowledge is that gradients of 1. 3°(iﬂfm‘ or higﬁer as
observed in s1tu are supported by microwave observatmns The heat
' -6
flows deduced by lehonova and Trmtsky from 2.9 x 10 watts /cmz to
-6 2 . )
4x 10 wa_.tts’/cm are in close agreement with our r_esults.
Future Work:
Several lines of future work can be .proposed;
F1rst more laboratory measurements of the electromagnetm
) of lunar fines : _
power absorptwn lengtl%n the wave band from 5 to 20 cm

would greatly improve the 'comparisons made above.

Second, further earth-based measurements of microwave emissions

13
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in the waveiength range from 5 to 30 cm would be extremely valuable,
Measurements with sufficient resolution to detect variations in emission
spectra over the lunar disk would be especially significant.

Third, other in situ measurements in highland regions, using an
autornated lander, would be extremely important,

Last, microwave observations from lunar or_bit could possibly

map variation in heat flow over the whole moon.
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TABLE 1

HEAT FLOW EXPERIMENT TEMPERATUR'E ME,ASUREMENTS

LY

MEASUREMENT

Absolute ,'T'émpe'ré.turé- :

70-400°K

.

RANGE ACCURACY
Platinum Resistance Thermome‘:ters; 190-270°K . +0: 05 K
Absoclute Temperature '
Temperature Difference - 22°K- K £0. OOIOK
ICable Thermocouples; :

20, 5°K .




TABLE 2

SUMMARY OF LUNAR HEAT FLOW RESULTS

- Gradient Conductivity Heat Flow
°K /m wx10-4/cm K wWx10-% cm
Apollo 15
Probe 1 1,75 1. 78 3.1
Apollo 17 . ‘
Probe 1 1. 36 2.06 ' 2.8
Probe 2 1.30 2. 00 2.5

The estimated error of heat flow determinations is % 20%

18
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Figure 1

Figure 2

Figure 3

Figure 4

i
Figure 5

' -‘_iThe calculated surface temperature throughout a

" Profiles of thermal conductivity and density w"ith

19

FIGURE CAPTIONS

© Data from ,m:i-crowa_ve observations made in i::he
| Soviet Union between 1.961.--1?9;(;‘_1 using the "arti-
R ficial moon' technique (1,2). The plot shows

~microwave brightness temperature versus

wavelength of the radiation,

Alunar map showing the locations of the. two

successful heat flow measurements..
‘ .

lunation based on the temperature of a thermo-

- .cc':izple inside a  cable (see inset) which is exposed

above the surface.

depth in the lunar regolith which will explain the
observed surface temperature variations shown

in Figure 3. Conductivity values shown are those

appropriate to the mean temperature at each depth.

The plot to the right shows the e:ﬁpe'cted peak to

. peak monthly variation of'tetn.pgréture as a function



Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

" 20

of depth. The left hand plot shows mean tem-

perature and phase lag of the monthly variation

~versus depth., These results are based on the

. conductivity and density models shown in Figure 4,

 An astronaut is shown drilling sectiions of fiber-

glass tubing into the moon for the heat flow probes.

The 10 month temperature history of eight thermo-

.. meters or one of the probes at the Apollo 17 site.

The inset shows the temperature .depth profile

'after 75 days.

Temperature depth curves for the four lunar heat

flow measurements. The hatched areas above

70 cm are the envelopes of monthly variations,

A summary of thermal conductivity determinations

~at the heat flow site. At the top of the plot the

lines are the same as in Figure 4. Deeper points

are results of in situ measurements and analysis

of probe cool-down data.

In the upper part of the figure the heat flow anomaly

expected over a crater with an aspect ratio of 1. 6



Figure 11

js shown, The lower part shows schematically
a cross section of Taurus Littrow and the estimated

effect on the heat flow, Ag.

The data shown in Figure 1 compared with theo-
retical emission spectra based on the thermal
properties models at the Api:;il-o 15 site. Three

different relations between absorption length

. .and wavelength were used and are noted on the

curves,
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